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Hg to 2 atm., microwave energy source 
means for generating energy in the 
microwave range, means for coupling said 
microwave energy to said medium in said 
container so that the power density existing 
in said medium is at least 50 watts/cm* 
whereby electrons at densities far in excess 
of the cut-off density are created in said 
medium and anomalous absorption of said 
energy occurs at skin depths greater than 
C/a> p where C is the speed of light and a> p is 
the plasma frequency, which electrons 
collide with heavy particles of said medium 
to cause said heavy particles to become 
collisionally excited and to emit said 
radiation. In several embodiments of the 
invention, a further portion of the 
microwave chamber- comprises -an 
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ultraviolet and visible light transparent 
mesh-like member or screen through which 
the reflected radiation can be transmitted. 
The mesh-like member or screen, while 
being transparent to the emitted radiation is 
relatively opaque to the microwave 
radiation and is therefore effective to keep 
the microwave . energy confined in the 
microwave chamber.. Hence a structure is 
provided which efficiently focusses the 
emitted radiation onto the surface to be 
irradiated and which does so without the 
necessity of employing a separate reflector 
member. Additionally, the novel microwave 
chamber of the invention, provides its 
additional reflection function without 
.^compromising its properties as a microwave 
...... coupling means. ^^^i-v 

'.""C «.X*l®.™! c ™jy* v .5. energy generated by-the. . 
microwave source can be coupled to the 
microwave chamber either by a rectangular 
to circular waveguide transition section as 
disclosed in U.S. Patent No. 3,911,318, by 
other means, or according to a further 
aspect of the invention, by waveguide 
means mounted on top of the microwave, 
chamber. Feeding the microwave power in 
from the top as opposed to from the end 
allows several apparatus to be placed end to 
end to form a composite light source of a 
selected length. 

Economic and operational advantages 
are obtained in the present source by 
eliminating the magnetic field and the 
apparatus for producing it required by 
many prior art microwave generated 
plasma light sources while retaining the 
high power and high efficiency 
characteristics of the discharge. The 
microwave energy which is at a high power 
density in the medium causes electrons to 
be generated in densities exceeding the cut- 
off density. The electrons are generated by 
processes including the collisionless and 
collisional transformation of waves and 
normal and non-linear wave absorption. 
The energetic electrons collide with the 



heavy particles oi the plasma thereby 
exciting them and the heavy particles emit 
the desired radiation upon de-excitation. 

conveniently the microwave energy is 
coupled to the plasma forming mediurri by 
waveguide means mounted on the top or 
side of the microwave chamber which 
encloses the container in which the plasma- 
forming medium is confined. 

Advantageously the 'microwave 
generated plasma light source has a 
structure which allows the source to be 
placed end to end with similar light sources 
on the right and left ends thereof and a 
plurality of such light sources positioned 
end to end provides a composite light 
source with a selected length of continuous 

—spatial-extent of- ultraviolet-emission. 

A microwave generated plasma light 
source in accordance with the present 
invention can efficiently generate high 
power ultraviolet and visible radiation 
without the use of a magnetic field. 

Efficient generation of high power 
ultraviolet and visible radiation is achieved 
by coupling high power density microwave 
energy into a plasma forming medium to 
create electron densities in excess of the 
cut-off density by processes including the 
transformation of waves and non-linear 
wave absorption. 

The present invention is further 
described hereinafter, by way of example, 
with reference to the accompanying 
drawings; in- which:-^ . . . - . 

*w.F.ig/. :Jf is ^-perspective-*- view- -of -an- 
-embodiment— of- -a— microwave -generated 
plasma light source according to the 
invention. 

Fig. 2 is an exploded perspective view of 
the light source of Fig. 1. 

Fig. 3 is a side view with portions cut 
away of the light source of Fig. 1, 
additionally illustrating the sample to be 
irradiated by the light source. 

Fig. 4 is an end view taken at plane A — A 
of Fig. 3. 

Fig. 5 is a schematic drawing of the light 
source of Fig. 1, additionally illustrating a 
cooling opening located in the top of the 
microwave chamber.) 

Figs. 6 to 10 are schematic drawings of 
further embodiments of light sources 
according to the invention having different 
geometrical configurations. 

Figs. 1 1 and 12 are end and side views 
respectively of a light source according to 
the invention showing how the plasma 
container may be mounted. 

Fig. 13 is a side-view of a power head 
which may be used instead of the 
microwave source and rectangular to 
circular waveguide transition section of 
Fig. I. 

Fig. 14 is an end view of the power head 
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of Fig !3 taken through plane 14—14 of 
Hg. 13. 

Fig. 15 shows an embodiment of the light 
source shown in Figs. 19 and 20. 

Fig. 16 is a side view of the embodiment 



St rf £f I thC trademark Alzak may be 
used Mesh s,zes up to 1/8' spacing wkh 
0!! copper w ir e have been used 
However, larger mesh sizes mav resufr in 
unacceptably high microwavj Tleakage^ and 
optimum m«h ci 7 ^ „ »_ . 7?5_? na 



of Fig. 15 at plane 16 — 16. or>t;™.7~™" J ' u -e " lIUWIUw ave leakage and 

Fig. 17 shows a further embodiment of a^XS" • t ° to 

:>wn in Fies. !9 and 20 "lirrJ.. .^ ngs . t = n . Th" gives 
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the light source shown in Figs. 19 and 20. 

Fig. 18 is a side view of the embodiment 
of Fig. 17 at plane 18—18. 

Fig. 19 is an end view with portions 
broken away of an embodiment of a light 
source according to the invention. 

Fig. 20 is a side view with portions 
broken away of the light source of Fig. 19. 
u -,1 s ' } sh p w s a composite light source 
built of modular units such as shown in 

Sr i.?* nd 20 and Figs. l_5_to 18. 

rig. 22 shows another embodiment of a 
composite light source. 



__„_n " : — — 'b""-" wire, i nis gives 
excellent microwave shielding and allows 
transmission of about 90",; of the laS£- 
Z?rT°f m - thc ^violeV°lisTb!e a™§ 
iSfT 1 r e S lons - wire mesh has the- 
added advantage of helping to prevent 
unwanted materials; such as ink droplets or 
paper fragments from hitting the lamp in 
production line environments 

wid e S r Sh »h Wn in Rg u 4 ' 22 , may be somewhat 
wider than member 17 at the bottom 
thereof-and- the -two-memberi-maV be 
secured to each other by conventional 
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steps involved in the generation of a plasma 
according to the invention. 

Figs. 1 to 4 show an embodiment of a 
microwave generated plasma light source 
having an improved structure according to 
the invention. The essence of the novel 
structure is a microwave chamber which 
Junctions both as a means for coupling 
microwave energy to the plasma forming 
medium and as a reflector means for the 
emitted ultraviolet and visible radiation. 

Referring to the exploded view of Fig 2 
the novel microwave chamber is comprised 
cT lMgitudinally sxtending-member 17 and 
mesh, mesh-like surface or screen 22. The - 
chamber is- non-resbnahr lifare all of the 
preferred -microwave chambers described 
nerein and shown in the drawings. In the 
enibodiment shown, member 17 comprises 
a member of elliptical cross-section but as 
discussed in conjunction with Figs. 6 to 1 1 
trie shape of member 17 as well as member 

-^ ried . to suit the Particular 
application. The chamber is constructed so 
that member 17 is sealed 



m !f . rt 2 '5 secured to side, support bars 9 
and 10 and the side support bars as well as 
top support bar 8 are secured at each end to 
flanges 5 and II As wilj be apparent to 
those skilled m the art, other mechanical 
means to ensure structural rigidity may be 
1 7-H., end surft ces of microwave 
chamber 17, 22 are adhered to flanges 5 and 
n in a manner which prevents escape of 
microwaves, for instance by solderine 
welding, conductive epoxy, or various 
tHehke means employing slots, lips or 

-Tub* 19. is- formed with mounting 
extens!ons_20Jand -21 -which are supported " 
b-y-holdrng brackets 7-and 14 as shbwnTri 
Figs. 3 and 4. Brackets 7 and 14 are inserted 
in vertically extending slots (hot shown) in 
flanges 5 and 11 respectively and are 
reta, "ed m position by collars 24 
and 26 respectively which may for 
instance be of the set screw type. In the 
alternative lamp bulb 19 may be supported 
in the microwave chamber of the invention 
by any conventional support means 
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extending chamber which is opaque to 
microwave energy and which therefore can 
oe used as a microwave coupling chamber. 
Member 17 is arranged to bereflective on 
its inside surface, for instance by polishing 
the inside surface and mesh 22 is arranged 
to be substantially light transmissive by 

^mlSl r C . mesh s P acin 8- Hence light 
emitted from lamp container 19 which is 

£ni U K tCd i," side l b c microwave chamber 
will be reflected by the inside surface of 

m«h «. 17 ?" d wi " be tran smittcd through 
™k ?-, thc sam P ,e to be «rradiated.The 
<LV?rli' l Z- m * y , made of aluminum 
E w c h ' c , h 18 Polished and anodized on its 
Jin it- s V/ fa « f or maximum ultraviolet 
reflectivity. A polished, anodized aluminum 



of gases, is sealed and" is provided with 
extensions to form supports 20 and 21 
-which are unfilled and unsealed. The lamp 
bulb as well as the holding brackets maybe 
made of quartz. The ends of bulb 19 may be 
flat as shown or tapered as described in 
U.S. Patent No. 3,911,318. 

Flange II having holes 23 therein is 
secured to end flange 13 by bolts extending 
through holes 23 in flange 1 1 and holes 13 in 
flange 12. End flange 12 has a flange collar 
15 thereon which forms the termination for 
the microwave chamber. Flange collar 15 is 
designed with a sufficiently large length to 
diameter ratio as known to those skilled in 
the art to attenuate the escape of 
microwave energy and has an inside flange 
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taper 16 to reduce field enhancement which 
ArfHii °, t , h< : rw,se encourage arcing 
Additionally it is noted that flange collar 15 
is mounted somewhat above the middle of 
uange 12 so that its axis coincides with that 
of lamp bulb 19. 

The plasma light source thus far 
described actually is a coaxial microwave 
cavity m which the outer conductor is the 
microwave chamber and the inner 
conductor is a lossy. conductor consisting of 
tne lampbulb and its contents. One way of 
coupling microwave energy to the 
microwave cavity for interacting with the 
plasma forming medium is shown in Figs. 1 
to 3. Microwave energy generator 2, which 
may be a magnetron, klystron, other known 
microwave generator or a standard 
—microwave- power- pack^ncludinTlioweT - 
meters and a tuner, is provided. In the 
preferred embodiment of the invention a 
mS^S? fre£ l uenc y of 2450 MHZ is used 
l5/o MHZ can be used if cavity dimensions 
are increased) and the generator output is a 
series of pulses at a rate of 120 per second, 
i ne output of microwave generator 2 is 
coupled to a rectangular to circular S-B and 
waveguide transition section 3 which 
terminates in a flange 4. Flange 4 is secured 
to flange 5 of the lamp assembly by bolts 25 
which are passed through holes 18 and 6 of 
flanges 4 and 5 respectively. To ensure 
|" atin 8 . flan ges, 4 and 5 are arranged 
so that the radius of curvature of the top of 
the opening in flange 5 is approximately the 



by means of a wire inserted through the 
flange collar 15. In order to prevent the 
wire from conducting large* levels of 
microwave energy out of the chamber a 
resistor in the form of a graphiteTod o? 
other material or similar condSc i5ity mav 
be used. The resistor is inserted 7nto™£ 
chamber but insulated from the chambe? 
wall so its end is near the lamp bulb When 

tra e n S S n t g s P ^ C J S a P pHed the ™*5 
transmits the high voltage, low current 

Eri^w th f lamp . causin S the required 
breakdown for starting. Subsequently the 
resistor appears as an insulator to thl 
microwave field and therefore causes no 
fa w a l° n ,eaka S e fr °m ^e chamber 
Withm several minutes after starting the 
_!amp_warms-up ^ to-the operatine ^wall- 
temperature, which in the case of mtrcury 
fills is approximately 400°C. Once the 
operating temperature is reached, if the 
microwave power pack is properly 
adjusted, the reflected microwave poweV 
tails to a minimum value and the lamD 
operates steadily for as long as it is 
required. The lamp may be turned off and 
then instantly restarted, usually with the aid 
of another high voltage spark, as long as its 
temperature does not fall so low as to re- 
condense the mercury. 

During operation of the lamp, water 
cooling is provided for end flange 12 for 
the rectangular to circular waveguide 
transition section 3 and, if desired, for 
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.the opesingvofrflang^ ?and fc53w?3SStf---feSSSSS^^^ - 13t ^S:■. JiBd t iB, -Jl"«»^Mlli-=*««---^ - " 
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blowing fron beneath the chamber upward 
through the wire mesh and onto the lamp 
and/or 3) a suction provided through the 
flange collar 15. Depending on the power 
level of operation, one, two f or three of the 
toregomg cooling sources may be used to 
prevent the lamp bulb from overheating 
and melting. Additionally or instead of the 
air cooling described above as is shown in 
rig. 5 a cooling slot may be added to 
chamber member 17. The cooling slot runs 
longitudinally along the length of the 
chamber at the top thereof. Air 32 may be 
drawn out of or forced into the slot which 
causes air flow around the lamp as shown 
by the arrows to effect cooling. The 
advantage of providing the cooling slot is 
that uniform cooling along the entire lamp 
length is effected. Additionally, this type of 
cooling has the advantage of removing 
harmful ozone from the vicinity of the lamp 
which may have been generated during 
operation. Alternatively, it provides a 
convenient means for blowing inert gas into 
the lamp chamber and out over the 
irradiated surface 28, a desirable procedure 
in some applications. A wire mesh 30 



....top ::: su-rfaces - of- these -opcnings-*are 
positioned next to each other to provide a 
smooth transition into the microwave 
chamber. 

As shown in Figs. 3 and 4, object 28 
which is to be irradiated is moved past the 
source in a direction which in Fig. 3 is 
perpendicular to the plane of the paper, for 
instance by conveying means 29. The 
motion is as shown by arrow 34 in Fig 4 
The light source would be mounted on a 
trame or other support for instance by 
securing flanges 5 and 11 thereto. If 
member 17 is elliptical in cross-section as 
shown in the embodiment of Fig. 1 then 
lamp bulb 19 would be located at or near 
one focus of the ellipse while the object 28 
to be irradiated would be located at the 
other focus. Ultraviolet and visible 
radiation emitted by lamp bulb 19 is 
reflected by the inside reflector surface of 
member 17 downwardly through ultraviolet 
and visible light transmissive mesh 22 and 
to the surface 28 to be irradiated. 

The lamp is ignited by turning on the 
microwave power. In some cases, a 
momentary discharge from a high voltage 
tesla coil is required to initiate break-down 
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and/or a choke collar 3 1 are provided at the 
slot to prevent the escape of microwave 
energy, The choke collar should have a 
sufficiently large height to width ratio to 
5 prevent the escape of microwave energy. 
Figs. 6 to 10 are schematic illustrationsof 
variations of the light source of Fig. I in 
which the cross-sectional areas of the lamp 
tube and reflector member are of different 
10 geometrical configurations. While the 
embodiment of Fig. I illustrates a relatively 
focused system, in applications requiring 
large total ultraviolet radiation doses but 
not requiring Jocally high energy density 
15 tfte unfocussed systems shown in Figs. 6 to 
' '? are more . appropriate. Fig. 6 shows a 
longitudinally extending reflector 40 having 

_ a Parabolic cross-sectio n which enc loses 

— a lamp barb 41 of semicircular 
20 cross-section. The microwave chamber 
is completed by plane mesh member 

1Z. and the- eamnl^ » ~ u " : . , 



A -y „ , r " v — . mean mcmoer 

*l and the sample to be irradiated 
would pass underneath and parallel to mesh 

25 -F'g-? illustrates a. further embodiment in 
which both longitudinally extending 
reflector 43 and mesh 45 are of semi- 
circular cross-section, together form- 
ing a microwave cavity of cir- 

30 cular cross-section. The lamp bulb 44 is 
also of circular cross-section and has a 
diameter nearly equal to the diameter of 
the cross-section of the chamber. In the 

rl lrrad,ate 0 d w « u,d Pass underneath mesh 45. . 
_ .. . .-.- ..pg 8 shpws i further embodiment 
^,«r^utrlizing..ajam^bulb 47 -of-annular cross- 
-section and areflector 46' having "a" circular" 

40 slmnl^K 11 - l 1- thi ! embodiment, the 
40 sample to be irradiated as passed within the 
ho low core portion 48 of the annular lamp 
£S" ♦ U [ ther ; in this embodiment to 
m a £?J. electric *l properties of the 
material being treated from affecting lamp 
45 operation it may be desirable to add an 
inner cylindrical mesh inside of and 
concentric with the inner lamp wall, 
rigs. 9 and 10 show an embodiment for 
sn EE? d ". c,ng 1 a Parallel collimated beam of 
radiation. A point-source lamp 50 shown in 
side view in Fig 9 and in end view on Fig. 
10 » located inside of reflector 49 having 
inside and outside surfaces which arl 
parabolic surfaces of revolution and which 
55 is sealed by mesh 5 1 . Light emitted by bulb 
r n IS . ref ^ cted in Parallel fashion from 
reflector 49 and through mesh 51. It should 
be understood that different reflector/lamp 
An Pfci S eom . etr " cs may be used depending on 
60 the particular- application and are 
considered to be within the scope of the 
invention. K 

' io A f"^ er 1 mounti ng technique for the 
as 3J«m l5 , sho ( w " in F j.$s- 1 « and 12. In the 
65 embodiments of these Figs., lamp bulb 53 is 



formed with extensions 54 extending .« tt. 
radial direction, one of which!? .h«» * 
the drawings. Extensions ?4 are Ltted to 

S»a3 70 

Sr^oih lhe !P d "fci^vSSSSS 75 

at both ends. This is of particular 
importance in the einbodimenfshown in 
Snnort ^' SCUSSed be °. w - Additionally, a 
support means comprising three dielectric 
rods^extending from three different points 80 
on the periphery of the reflector may be 
used to support the lamp. The rods would 

be_of_equal-length-and-each-rod-Wouia^ 

terminate in a support bracket for the lamo 
at its inner end. 85 



Instead of coupling the microwave 
energy to the microwave chamber by a 
rectangular to circular transition section as 
shown in Fig. I, it ma y be desirable to 
mount the microwave power tube in a 90 
microwave power head which bolts directly 
to the lamp chamber. Fig. 1 3 is a schematic 
illustration of such a microwave power 
head which it is seen is. comprised of . 
circular waveguide section 65, flange 68 for 95 
connection , to the lamp chamber flange 
magnetron 66 mounted inside the power 
head, magnetron anode, filament, cooling 

JSS ■•'^^?™?^^Utn!lbpiuiQstion .. 
cables 62 -for connection' to a remotely 100- 
located, high voltage- *S&'ffl&mt "power 
supplyr-Also provided is" a _ quart'er wave 
tuning stub 63 with the direction of motion 
indicated by the arrow which may 
be used instead or i;i addition 105 
to a quarter wave fixed reflector 
67. Flange 68 would be secured to flange 5 
in Figs. I. to 4 to attach the power head to 
the microwave chamber. The waveguide 65 
may be varied in size and shape for 110 
convenience in mating to the lamp chamber 
ana tor optimum microwave tuning 

IwTr u °l Uti # ing a magnetron in the 
power head, a klystron or other microwave 
power tube may be utilized. 115 

For increased lamp power, a power head 
can be mounted at both ends of the lamp 
chamber. In this case,- for improved power 
tube lifetime, it is preferable tolarrange the 
outputs or the 60 cycle power 120 
tube power supplies so that the 
output microwave power also at 
60 cycle repetition rates occurs on alternate 
half-cycles for each of the two tubes. It is 
also possible to increase the power by 125 
mounting a second power tube in the same 
power head at a different axial location or 
on top of the waveguide section pointing 
downward. In this case also, running thi 
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power tubes on alternate 60 cycle Dulses 
will improve their lifetimes. * P 
Additionally, increased lamp power and 

L7 Pre U"lf° rni light out P ut («" <>">e) can be 
obtained by mounting three power heads 

h« f h ^?r ber - If each Power supply if 
hooked to different phases of a three phase 
P° we «; s "PP'y (120 electrical degrees 
phase) and a full wave rectification system 
n-iSf • each ma g ne fon power supply 
1. i ■■ 2i C 7 )wa y e P u,ses P er second, each 
pulse 60 electncal degrees out of phase with 

•hi ♦ J ? Cei f t puI . se) then a «»oothing effect 
wtfl take place. In addition, it appears that a 
lag of several m. sec occurs in ionizing the 
P lasma If at onset of each microwave 
puise. If microwave pulses are only 60 
* ,ect ""^egrees aparuhen,this lag should- 
be substantially reduced and the net system 
efficiency increased. v 

Figs. 19 and 20 illustrate a further 
embodiment of the invention in which the 
microwave power is coupled into the top of 
the microwave chamber as opposed to into 
an end thereof. An advantage of this mode 
of microwave coupling is that a plurality of 
28 p°u rces can be Positioned in end-to- 
end fashion to form a composite light 
?o UrC S °£ des,re d 'ength. Referring to Figs 
19 and 20 lamp bulb 100 is located within a 
microwave chamber comprised of 
reflecting member 101 of elliptical cross- 
section and mesh 102 which form a 
ctabersini ar to that illustrated in Figs. I 
to 4. The chamber of Figs. .19 and 20 
however, unlike the chambeTof Figs. 1 to 4 ". 
- is. terminated at each end thereof by a mesh" 
-surface such as 120 shown arthe left^nd 
Hence, the reflector 101 is sealed 
eiectromagnetically by mesh surfaces at the 
bottom and at each end thereof. Lamp bulb 
100 is mounted m the chamber preferably by 
tS»rTif th . 0d grated in Figs. 11 and 12 so 
JIa e ' am P bulb can extend nearly to the 
end of the chamber at each end. 

™h s,ot ,08 ' mesh - 109 . and cut-off 

collar 1 10 run longitudinally along the top 

^L?. e ?- ting member 101 as described in 
conjunction w.th Fig. 5. A waveguide 
section 103 "having three longitudinally 

i^mn,^ S i ldCS at ri f ht &n ^ es to each other 
ThT SZL 0n J° P °J refl «tor member. 
J he fourth side of the waveguide is -the 
reflector member itself which has coupling 
slot or slots 116 (commonly known in thf 
art as slot antennae) therein to allow 

Th ™ aVe ene / 8y to enter the chamber. 
m*»„ Wave 8 u ' de section contains the 
magnetron dome. 105 and possibly 

s q iS tUm ? g .. plate 104 - The position, 

SLXfr ShaP u ° f th . e coupling slots in the 
m 7 bc - var,cd to ob tain maximum 
lamS JLrl m, ,"owave power into the 
£ «k^ dd,t J°? any ' a tunin 8 capability can 
be obtained by providing a mechanical 
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means such as a sliding slot cover for 
adjusting the slot sizes. The mae^tr™ 
body 106. containing anode TSffmSl 
magnets and cooling structures'^ m^ Ut J 
above the waveguid'e. The 
form of magnetron.cooiing is water co E 
but a,r cooling can be Jsed if necessa??' 

M J^eTed^^ , °° Hng ^^SZ 
i it are ted to external power suddIv and 

controls. Lamp bulb cooling is proved St- 
air flow 115 through duct 113. In Fig S 19 
and 20 slot 108 is made accessible to the 
cooling air flow by constructing portions of 
waveguide section 103 out of fcVeer mesh 
or otherwise ventilating the waveguide The 
entire module is enclosed by an otter metal 
casing 107 which facilitates St 
nroV° n ; _0r " b, °Tngr-offers- niecfiaSicS- 
s P h,>H ? n ,0, V and P fovid es microwave 
shielding for the. module. Where the 
module is to be used as one module in t 
composite light source as shown in Fig 21 
the housing at the ends of each module 
would cover the entire end except for tht 
end meshes which would be left uncovered 
so that the emitted radiation could pass 
therethrough. The embodiment may also 
include pre-heater elements 112 which 
xuhin u nichrome wires through 
which current is passed when the 

tne ,q u i«cent Off state 
so that the lamp will start instantly. In the 
operation of the device, microwave power 
generated by magnetron 105, 106 is coupled 
through-coupling slot 116 tb:the microwave" 
.. chaaibettJ-0.1 9 cM2v-.whbre:iit: interacts- with • 
....tne plasma- forming medium-contained in 
lamp bulb 100 to cause the medium to emit 
radiation. 

Two high power embodiments of the 
light source of Figs. 19 and 20 are shown in 
Figs. 15 and 16, and 17 and 18 respectively 
In Figs. 15 and 16, dual waveguide 
structures 73 and 78 are positioned parallel 
to the lamp axis at different azimuthai 
positions on reflector member 70. In Figs. 
15 to 18 the magnetron bodies such as 106 
in Fig. 19 which would be mounted on top 
or the waveguide sections are not shown. 

a i VCg i U,de 73 con tains magnetron dome 74 
and the energy generated thereby is 
coupled to the chamber through slots 75 
and «n the reflector member shown in 
y e - l % n Waveguide 78 includes magnetron 
dome 79 and the energy generated thereby 
,S C J OU o P . ,cd to tne chamber through slots 80 
and 81. As may be seen in Fig. 16. 
magnetron dome 74 is located in a 
relatively forward position of the 
waveguide and its associated coupling slots 
75 and 76 are located in a relatively 
rearward position of the reflector member 
while magnetron dome 79 is located in a 
relatively rearward position of its 
waveguide and associated coupling slots 80 130 
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and 81 are located in a relatively forward 
position of the reflector member. The 
distance, between the magnetron dome 
and its associated coupling slots tends to be 
3 roughly half a wavelength of the microwave 
radiation. Similarly in Figs. 18 and 20. 

in the embodiment, shown .in Figs. 17 
and 18, the waveguide structures 86 and 89 
m «!i P° s,t,oned at different axial positions 
IV and are curved azimuthally around 
..reflector member 82 with their longitudinal 
axes extending substantially perpendicular 
to. the longitudinal direction of the 
i< i ng m 1 ember - Waveguide 89 includes 

15 magnetron dome 90 and is associated with 
coupling slots (slot antennae) 91 and 91' in 
one side of the reflector member while 

waveguide 86 includ es ma gnet ron do me 88 

->ri |na-is-associated with coupling slots 87 and 
20 87 in the other side of the reflector 
member. In the embodiments of Figs. 15 to 
18, half-power lamp operation is obtainable 
by turning off one of the two magnetrons. 
Higher power operation is obtainable in 



be °P eratcd simultaneously bv a 
single master control unit. y y a 

Fig. 22 illustrates a further embodiment 
Qf a composite light source in which end 
mesh sections 181. 182, 183 and 184 are ™ 
angled with respect to the axis of the buH, 70 
The technique of canting the enS mesh 
sections as shown has the effecT of 
eliminating regions of diminished emitted 
radiation which may tend to exist at the -r< 
l e J^ S of V he end meshes in thl 75 

ILS he T° du,es m Fi 8- 22 need not be 
Sum show " and , the end section 187 <" 
could be perpendicular to the lamp axis so 
mstead of canted relative thereto Othe? 8 ° 
m i^l5 C «K 0nS ° f 3 f om P°site light source 

.wiII_be-obvious,-such-as-replacingmulfi5le 

exhaust ducts I7i 177 ti-f • PVi . "!S ,C 



85 



a „„.„7,i , w f s "»""» » uwamaoie m 

any of the embodiments of Figs. 19 and 20 
and 15 to 18 by mounting more than one 
magnetron in a waveguide structure 
. According to a further aspect oT the 
in !. nvent,on J a Plurality of lamps of the type 
30 illustrated in Figs. 19 and 20 and Figs. 15 to 

yJithZX aC ,£ d in ? nd - to -« d relationship 
with each other to form a light source of a 
selected length. Each lamp is then a 
modular unit and the length of the 
35 composite light source may bl varied'byL 
increasing or decreasing the number of,- 
modular- units used -Th .« • t<u*n»Ar- .j-;.-;^-*** 



j , o ~« uobiEoaiug 

i!??^ lar uni f? u ? e f i - T ^i^: ty pe^of ^ysle^m Tsf 23 

e fact "that the 



— -™ uacu. 1 iiL 

^mad*- possible -by the xact that the 

4f) pEI°y a aVe f?Z r & in the. embodiments of 
40 Figs 19 and 20 and Figs. .15 to 18 is fed to 

^ha!t mp from the to P of thc microwave 
f i M ?PP° sed to from one of the 
nhSr^ S " ch c a co , m PPs«te light source is 
45 IsFuni !T,S 8 ' V- End mesh sec tions 

l « f f£ e, ftlonship and the solid end plates 
156, 157, 158 1 and 159 of the housings such 
^ US L" 8 l0 J n Fi «- 19 extending above 
50 ? c. mC . Sh te L d "8 idl y together to form 

n„!JS?/ C r ng, . d J lght source in wnich »t is 
possible for light emitted by one lamp, for 

Ai J?f C ?J^°. t0 pass though the end mesh 
1 31 of that lamp into the chamber of the 

55 Kv?K nt an V P i and to Possibly be reflected 
' Jl? refecting member 161 of 

urf 3 L J Tk nt ir amp - onto ' an i"adiated 
nh? A he e ? ect is thus similar, to that 

SwE? V' ngle ,am P bu,b and a «'n8'e 

60 lenath of ^ * ^ l ° the com P os >tc 

ength of he modular units. Each modular 
unit would be fed with power from a 

d »nn£« £° We / i U P p,y and *" of the power 
supplies would be mounted together in a 

65 £2? ,OC f, ted rcmoteI y from 1 ^ 

0> lamp. Similarly, all of the modular units 



exhaust ^un^^TX?^ 
21 with a single duct, while also replacing 
solid end plates 156, 157, 158 and 159 wkh 
screened sections. 

The advantage of using modular units as 
is shown m_ Figs. 21 and 22 instead of a 
single long light source is that a substantial on 
savings, in power supply component costs 
and engineering production costs results 
thus, power supply components are much 

?SfT»? «f to watt ,eVe,s tha " 

at the 5 to 30 kilowatt levels and it has been 95 
determined that a lamp system of 
approximately 3 kilowatts and 10 inches 
length may be optimum from the 
cost/power viewpoint. Also, if 10 inch lamp 
modules are joined end to end to form fob 
^efur -C pmmercial. lamp sysfems ih- lamps of 
4W_.uicnes, 40-Mnches, 60'inches,-etc, then 
tne number of modules manufactured will 
oe 3, 4, 6 etc. times the number of lamp 
systems manufactured and design and try; 
engineering costs will be reduced because 
only one product, instead of a number of 
products need be produced. Furthermore 
production costs will decrease because 
larger numbers of components will tin 
be purchased from vendors. Also 
the modular lamp units have the 
advantage of having no end overhang of 
the amp housing (space between the end of 
the lamp bulb and the end of the chamber), 1 1 5 
which facilitates installation of lamps on 
certain production lines. Finally, a 
composite light source built up of modular 
units affords quick and easy servicing by 
permitting the removal of a faulty module 120 
with the lamp bulb inside and replacement 
of the entire unit instead of having to utilize 
a procedure which involves handling of 
« p i_ on the P rodu ction line. 
While the improved structure of the lamp 125 
disclosed in Figs. I to 22 may be utilized 
with different plasmas, in a preferred 
embodiment of the invention a novel and 
improved plasma resulting in thc 
production of high-power ultraviolet 130 
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radiation not requiring a magnetic field is 
utilized. The plasma is. generated by 
interacting high power density microwave 
energy with a mixture of gases maintained 
at a relatively high pressure to create 
electron densities in the plasma which are 
m excess of the cut-off density. 

The theory of operation . of the lamp as it 
is presently understood is described with 
reference to the block diagram of Fig. 23. 
As used above, as well as in the discussion 

^£n„ by ^ C J, Crm ?Pl«n»" » meant a 
partially or highly ionized gas composed of 
atomic or molecular particles having one or 
more orbital electrons removed and thus 
constituting ions, together with a sufficient 
number of free electrons to balance the 
_ e,ec "calcharge P-Uhe . ions,_so-that the- 
resultant plasma is substantially electrically 
neutral. By the term "cut-off density" is 
SI? . the minimum density of electrons 
which in 'classical" microwave plasmas 
leads to reflection of microwave 
power. 

The choice of gases to be used as a fill for 
the lamp is determined by the exact 
spectral output that is desired. In a 
preferred embodiment of the invention, a 
mixture of mercury and a xenon 
background fill gas is used. The mixture of 
gases is confined in the lamp at a pressure 
of between I torr and 2 atml This is a 
relatively high range of pressures compared 
Voi i H s ,l d,scuss ed in U.S. Patent- No; 
J,yi 1,318. .A„. consequence of these high 

SKJ?*- P- P. r ?^."3^^Jlftr.fact.";.that- _ 
. 5\ 0 ?M s P.&. a JL phenomena .are.. involved— in - 
generating the plasma and the 
electromagnetic radiation. In the operation 
of the lamp, microwave energy is coupled 
to the. plasma forming medium by any of 
the modes heretofore described. The 
dimensions of the lamp, the output power 
or the microwave generator, and the 
microwave coupling mode are arranged so 
that microwave energy at a power density 
of greater than J 

50 watts 
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Tu CO u P L ed to the P ,asma forming medium. 
I ne high power density interacting with the 
high pressure gas creates extremely high 
electron densities in a large volume of the 
gas. The electron densities in portions of 
the gas actually exceed the cut-off density 
by as much as 100 or 1000 times. 
Equivalent^, the frequency a> of the input 
microwave energy is less than the plasma 
frequency cj 9 where 



m 



and where n is the number density of 

ate The* cen * ime ^ *"d e and m 

are the electron charge and mass 
respecnveiy. As n increases u> also 
increases. The value of n £ whfch i 
becomes equal to d, is termed thVc ut -o^ 
density, because for "classical- 
plasmas reflect all the incident microwave 
energy, and consequently reTult Tn J 
limitation of the absorbed power In the 
present plasma, the extremelyhigh elytron 
densities which result in the high ultraviolet 
power outputs are possible because of ?wo 
unique jion-classical effects which are 
discussed below^in conjunction with the 
block diagram of Fig. 23. 
The first of these effects is the_collisionaI_ 
- and colhsionless transformation of Waves 
which is effective to transform the 
e ectromagnetic waves in the plasma to 
electrostatic plasma waves, which are in 
turn damped by collisonaJ and collisionless 
processes thereby exciting electrons. The 
second effect is "anomolous" or "non- 
linear wave absorption by which the 
electromagnetic waves are directly damped 
resulting in the absorption of power levels 
not possible in "classical" plasmas The 
electrons which are energized by the 
transformation of waves and wave 
absorption phenomena collide with the 
heavier, atoms and ions of the plasma 
thereby exciting them and the heavy 
particles radiate the ultra-violet and visible 
radiation^inthe process of de-excitation. 
• Descnbing-rthe -operation of the plasma 
system in -greater detail, electroWgnetic 
energy is coupled into the plasma forming 
medium and the waves flow into the less 
dense regions of the plasma until they reach 
regions where the electron density is just 
below the cut-off. density for the 
microwaves. In these regions, the 
transformation of waves phenomenon 
occurs and the electromagnetic waves are 
transformed into electrostatic plasma 
waves which propagate on the surface or 
through the volume of the plasma. 

The transformation of waves 
phenomenon is discussed in U.S. Patent 
No. 3,911,318 which disclosed the 
generation of a lower pressure plasma in 
the presence of a magnetic field. Because 
or the lower pressure of the plasma 
described m that Patent, the transformation 
of waves in that Patent was referred to as 
collisionless transformation of waves" In 
the present application, because of th« 
higher pressures involved, collisons will 
play a greater part in the generation and 
energizing of electrons and the 
transformation of waves will no longer be 
colhsionless" but as predicted by theory 
will be both collisionless and collisional. It 
was shown in U.S. Patent No. 3,91 1,318 that 
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^ansformation of waves for the case B=0, 
wnere B is the magnetic field, would take 
nnH - T r the freauen cy range 0«o<«,„ 
and ln the present application where B=Q 
this equation is also valid notwithstanding 
the fact that the plasma operates at a higher 
pressure and collisions occur. . 

The plasma waves produced by the 
transformation of waves phenomenon 
propagate further into the plasma and are 
slowed down and have their energy 
absorbed through "collisionless Landau 

■io 1 ??'??. ' M d > cusse d 'n U.S. Patent No. 
J,* 11,318 and because of the higher 
pressures involved also through collisional 
damping. The effect of either damping 
mechanism is to dissipate the energy 
__in.t.r_o.d-uced_b-y-th e-h i g h-p o w e r~ 
electromagnetic waves into local regions of 
the plasma in the form of excited electrons 
uniformly throughout the plasma. 

The second mechanism by which 
electrons are excited in the present plasma 
system occurs simultaneously with the 
transformation of waves and is referred to 
as normal and non-linear wave absorption. 
These effects involve the direct collisional 
damping of the electromagnetic waves in 
a ! ma - This Ramping takes place in the 
ower density regions of the plasma where 
the density is less than the cut-off density or 
equivalently where the microwave 
frequency is greater than the plasma 
/requency, and is effected by electrons in 
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and these observations have discouraged 

The present invention, however bv 
working at higher power density levels than 
have generaHy been used in the prior art 

"Tnn 1£ eSS » d the efF t Ct of Anomalous" or 70 
non-linear" wave absorption to result in 

g n reafertL POWCr absor P tio « « depths 



While all of the phenomena involved in 
anomalous wave absorption are not yet 
fully understood, the physical origin of the 
absorption appears to be due to the fact 
that at very high microwave power densities 
the incident electromagnetic waves can 

nSf rt hav r a strone effect °n the 
plasma. Thus, for example, high power 
microwave energy can cause additional 
ionization in a high pressure plasma. This in 
turn increases the electron density at a 
given point and changes, the way that the 
plasma responds; In ^ one " fheoreticar "* 
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tnese *egions~bcing set iTi'm^on 'byrthe •■ -,--«■ i««greucai 

fteS^fltagnetrcnzwavts- arid obtaifrhe-"- 9 ^^- 0 *^^ 8 situation it wa^calcuiattd-^"^ - ' IJ 

- " - " fnat .the skin depth for wave absorption is" 
increased from 



" S™, energy-by randomizing-coifisidlit 
with background gas atoms and ions 



Normal* collisional wave absorption 
has heretofore been observed and analysed 

Ii^SI™ !? re ? ion ? of the P Iasma wh ere the 
electron density is equal to the cut-off 
density (or the microwave frequency is 

within ?h 6 , plaSma frequency) over depths 
within the plasma of the order of 
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the plasma skin depth, where C is the speed 

SlnSft / \ pfasnia at ni 8 h electron 
densities (so that in most of the plasma 

XrpT^ ^f l ensit y is greater than the cut- 

o; e ^ n fn y) this means that the absorption 
occurs m a narrow sheath or skin near the 

™» C ° f the P |asma column. A 
n? a cm2 UCnCe ° f this is that - in a given 
SinJE*. *F tem > ^e average electron 
?k *k* °l n 5 Utr . al gas Pressure is increased, 
tne absorbed microwave power will reach a 
l nd thcn decrease because the 
skin depth becomes smaller. The "normal" 
or linear wave absorption has been 



where v is the gas collision frequency, T is 
tne electron temperature of the 
undisturbed plasma, and I is the ionization 
potential of the gas. These factors can 
considerably enhance the skin depth and 
therefore the plasma uniformity and the 
fraction of incident energy finally absorbed 
by the electrons. This is particularly true 
when a gas of relatively low ionization 
potential such as mercury is used. 

The electrons in the plasma which are 
excited by both transformation of waves 
and normal and non-linear wave absorption 
collide with the heavy particles of the 
plasma including atoms and ion's and 
thereby excite the heavy particles. The 
desired ultraviolet and visible radiation is 
then emitted by the heavy particles during 
the process of de-excitation. 
u-TJ 16 r5 su,iin S P ,asma thus results in the 
high efficiency production of ultraviolet 
and visible radiation at high power levels 



90 



95 



100 



105 



110 



10 



15. 



20 



.29 



30 



35 



40 



45 



50 



55 



60 



WHAT WE CLAIM- IS:— 

I. Apparatus for emitting radiation 
comprising m.cans for generating 
microwave energy, "means for coupling said 
generated microwave energy to a discharge 
unit, said discharge unit comprising a 
microwave chamber which encloses a 
sealed envelope containing a plasma- 
forming medium, and said chamber being 
comprised of a reflecting member which is 
opaque to microwaves but is reflective on 
its inside surface for reflecting said 
radiation emitted by said envelope. 



wherein three ^sides pf said waveguide are 
compnsed of three longitudinally extending 
, f m ^" a ^"e h fi?ngles to each other, and 
tneTourth side, is comprised of said curved 
portion of said reflecting member. 

10. Apparatus as claimed in claim 9 
wherein said at least a waveguide comprises 
two ,? f , said . waveguides which are situated 
parallel to each^ther at different portions 
across the periphery of said reflecting 
member, the microwave energy generating 
means ,n one of said, .waveguides beinf 
ocated near the opposite end from the end 
mat the microwave energy generating 
means in the other of said waveguides £ 
'ocated. • 
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containing the plasma-forming medium 
extends in= the longitudinal direction of the 
. chamber, the reflecting member has a 
cross-section whose curve partially defines 
an ellipse, and the chamber further 
comprises a second . member which 
. ,s elongate ;and planar and is joined 

to the elliptically shaped reflecting:.. 
. member to form the>chaihber,..th'6. secondl- 
member being substantially opaque* to 
microwaves but substantially trans- 
parent to said radiation whereby 
said radiation emitted along the 
entire length of said envelope is reflected as 
a sheet of radiation by the first reflecting 
member through the second member ami 
9r. the chamber.,,., 
— 1 3- ^Apparatus .as claimed 4n claim 2 
wherein the axis of said longitudinally 
extending envelope is located 
approximately along the focus of the 
elliptical reflector. 

4. Apparatus as claimed in claim 2 or 3, 
wherein said chamber is of an arbitrary 
length and has at least" a slot antenna 
therein for coupling microwave energy to 
the interior "thereof. 

5. Apparatus as claimed in claim 4 
wherein said means for coupling includes at 
least a waveguide, a part of said chamber 
which includes said slot antenna being one 
side of said waveguide. 

6. Apparatus as claimed in claim 5 
wherein said energy generating means is 
located near one end of said waveguide and 
sard at least a slot antenna is located near 
said other end. 

7. Apparatus as claimed in claim 5 or 6 
wherein said at least a slot antenna 
comprises two slot antennae. 

8. Apparatus as claimed in claim 5, 6 or 7 
wherein said waveguide is situated so that 
the long dimension thereof is parallel . to the 
longitudinal direction of said reflecting 
member. 

9. Apparatus as claimed in claim 8 



perpendicular to the longitudinal direction 
of said reflecting member. . j$ 

12. Apparatus as claimed in.claim 2 or 3 
wherein said means for coupling comprises 
a. rectangular to circular waveguide 
transition section. 

,1*3. Apparatus as claimed in any of claims 90 
. 2 to 12 wherein said second member is a 
■plane meshlike member..— " 

14. Apparatus as claimed in claim 1, 2 or 3 
wherein said reflecting member is 
parabolically shaped in cross-section and 95. 
the cross-section ofjsaid envelope is semi- 
circular. . 

15. Apparatus as claimed in claim i, 2 or 
3- wherein said reflectiffg'rhernber is semi- 

.^^r:vncircular in cross-section?^ :v - - jqq 

" 16". "Apparatus as: clairtied~m claim" 1 
wherein* said "chamber is comprised of a 
- longitudinally * extending cylindrical 
member which is light .reflective on its 
inside surface for reflecting light emitted by 105 
said envelope, said -envelope having an - 
annular cross-section whereby emitted light 
is reflected into the hollow core of said 
envelope, said means for coupling 
comprising at least a microwave guiding 110 
enclosure in which said microwave energy 
generating means are located, one wall of 
said enclosure comprising a portion of said 
reflecting member, said portion having at 
least a slot antenna therein for coupling 115 
microwave energy to the interior of said 
chamber. 

1 7. Apparatus as claimed in any of claims 
2 to 16 wherein said reflecting member has 
a cooling slot therein running longitudinally 1 20 
along said member. 

18. Apparatus as claimed in any of claims 
2 to 17 wherein said envelope has mounting 
extensions formed thereon oriented in a 

. direction perpendicular to said longitudinal 1 25 
direction, said reflecting member having 
mounting holes therein and said extensions 
being secured in said holes to effect the 
mounting of said .envelopes, in said chamber. 
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*J Apparatus as claimed in claim 2 or 
?EL 0 ■> daims . 3 to 12 when appendant to 
™0?J w £ ere "» said renecting member is a 
curved reflecting member and said second 

ThSF* - a made of mesh-like materiar 
wnicn is substantially opaque to 
microwaves and substantially transparent 
SrthU d . em,tted , radiation, said -chamber 
lurtner being sealed at each end thereof by 
lh™lK /u of said mesh-like material, 
h K y he bottom and ends of said 
fUT II ■ u Te microwave opaque and 
emitted light transparent to facilitate end to 
end placement of said sources. 

20. A high efficiency high, power 
fhr"^^ 6 S ener ? ted P'asma light source 
tor emitting radiation in the ultraviolet 
^ n e. e _^qmprising a. plasma-forming 

2?£SS!I co ". fi " ed , in a longitudinally 
extending cylindrical container having a 
diameter much greater than twice the 

S™ » , ^» 8k l n dcptl ? ^ a P res sure from I mm 
ng 10 2 . atm., microwave energy source 
means for generating energy in the 
microwave range, means for coupling said 
microwave energy to said medium ih said 
?„ J?v? er "°.J hat 'the Power density existing 
in said medium is at least 50 watts/cm 5 
whereby electrons at densities far in excess 
of the cut-off density are created in said 
medium and anomalous absorption of said 
energy occurs at skin depths greater than 
%?* where C is the speed of light and co B is 
35 coll,vfi a f!rifu frequency ' wnich electrons 
-°, C ; ausc sa,d >«eavy. particles .tp,,beco.me 

• r^SoSr^ ? - c, ^ d -^-io ;cm{t:s-iid T 

l #i , i^££ arat - us ^claimed in any of claims 
L?JL ♦ Crem said microwave chamber is 
secured to an annular flange at each 
longitudinal end thereof tl form an 
enclosure which prevents the escape of 
microwaves, and at least a pair of support 

st r^fnr^°" n !. Cted betwe en said flangei for 
structural rigidity. 
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w&JTSS; o1acte i tTtr in su daim 
said longitudinally extending I su pP°™ng 
secured in hole?. m "a* 6 n?™ ' 0pe ^ 
envelope being formed will 8 "' *? id 
extensions at each end Thl ™ oun <mg 
extend parallel to said a?i s of sa id°/ Wh,ch 
and which are supported S"S&TSSSK 

materiaj at the right longitudinal end of one 
LfflT "ftT 1 ^ a % 1 ^ he ™e S h-lik e mate^al 
chambl'r J 0 f n8,tUd - inaI Cnd of the adjacen 
of app^aSse^ * COntin ^ "raigiit row 

in h;;1 p ,' ura, ,. it y ?f apparatuses as claimed 
-in claim 23 wheraiTUie mesh-like material 

Z^f* 1 ,on I 8 , ^ dinal end f o ri "s a pVzne 
3w£ Wh?r6in ? aid p,ane members 
th^r50« aP w P i a ^ tl,S are at an an 8 ,e of other 
ax a s^fthe^e?o^ Ct * ^ ,0n «» ud - a ' 

as heretnWoi"! ?°^™«ed substantially 
as nereinbefore described with reference to 

drawings; ; 3 f.f the a «om P anying 

26. Apparatus . constructed "substantialiv - " 
as herembefore described with referee to 
»"»gs. I, 2, 3 and 4 when modified in 
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